Background/Aims: CDH18 (cadherin 18) is specifically expressed in the central nervous system and associated with various neuropsychiatric disorders. In this study, the role of CDH18 in glioma carcinogenesis and progression was investigated. Methods: The expression of CDH18 and its prognostic value in patients with gliomas were analyzed in public database and validated by real-time PCR/immunohistochemical staining (IHC) in our cohort. CCK-8 assay, transwell migration assay, wound healing assay, clonogenic assay and tumorigenicity assay were used to compare the proliferation, invasion and migration ability of glioma cells with different expressions of CDH18. iTRAQ-based quantitative proteomic analysis were used to reveal the downstream target of CDH18. Rescue experiments were conducted to further validate the relationship between UQCRC2 and CDH18. Results: The expression of CDH18 was depressed in a ladder-like pattern from normal tissues to WHO IV gliomas, and was an independent prognostic factor in TCGA (The Cancer Genome Atlas), CGGA (the Chinese glioma genome-atlas) and our glioma cohorts (n=453). Functional experiments in vitro and in vivo demonstrated that CDH18 inhibited invasion/migration, enhanced chemoresistance and suppressed tumorigenicity of glioma cells. UQCRC2 was identified as the downstream target of CDH18 by proteomic analysis. The expression of UQCRC2 was gradually absent as the WHO grades of gliomas escalated and was positively correlated with the expression of CDH18. Furthermore, in vitro assays demonstrated that down-regulation of UQCRC2 partly reversed the inhibition of invasion/migration ability and chemoresistance in CDH18 overexpressed glioma cell lines. Survival analysis demonstrated that combined CDH18/UQCRC2 biomarkers
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Introduction
Gliomas are the most common primary central nervous system(CNS) tumors in adults [1] . According to the newest WHO classification of tumors of CNS, gliomas were categorized into four grades (WHO Grade I to IV) on the basis of histologic criteria [2] . Particularly, the glioblastoma multiforme (GBM, WHO Grade IV) is considered to be one of the most malignant tumors in human cancers [3] . One of the main obstacles of treating gliomas is that the tumor is highly invasive which leads to rapid recurrence or progression [4] . Therefore, it is necessary to discover new functional targets in glioma carcinogenesis and develop effective biological molecular therapies correspondingly.
Cadherins, which include type I and type II cadherins, are integral membrane proteins and composed of six subfamilies of calcium-dependent cell adhesion molecules [5] . Type II cadherins are named due to the lack of a HAV cell adhesion recognition sequence, which is specific to type I cadherins [5] . Cadherins were reported to be involved in neural tube regionalization, neuronal migration, gray matter differentiation as well as neural circuit formation, and their abnormal expression was observed in several human cancers [6] [7] [8] . The CDH18 gene encodes a type II classical cadherin (cadherin 18, CDH18) that mediates calcium-dependent cell to cell adhesion. The mature cadherin proteins are comprised of a highly conserved C-terminal cytoplasmic domain, a single membrane-spanning domain, and a large N-terminal extracellular domain [5] . CDH18 is specifically expressed in the central nervous system and participates in the biological process such as synaptic adhesion, axon outgrowth and guidance [9] . Several studies had demonstrated that a genetic abnormality of CDH18 was associated with various neuropsychiatric disorders such as bipolar disorder, schizophrenia [10, 11] , depression [12] and autism [13] . Additionally, germline mutations of CDH18 was revealed in sporadic colorectal cancers [14, 15] and keratocystic odontogenic tumors [16] . However, to our knowledge, no further research on the function of CDH18 in carcinogenesis was reported. Moreover, although CDH18 is specifically expressed and functional in the central nervous system, the role of CDH18 in gliomas was not reported in the current literature.
Apart from the WHO grades, age at diagnosis has been established as a vital parameter for the prognosis of patients with anaplastic astrocytoma and glioblastoma [17] . Moreover, recent studies have demonstrated that several genetic changes such as IDH1 mutation, single nucleotide polymorphisms (SNPs) in TERT and RTEL1 were strongly associated with age at diagnosis, which may partly explain the prognostic significance of age in gliomas [18, 19] . Hence, there may exist other genetic differences between older group and younger group of patients with glioma, contributing to worse prognosis in older patients. In the current research, we used bioinformatics to profile the gene expression signatures in different age groups of gliomas in TCGA database for the first time and revealed that the expression and copy number variations (CNVs) of CDH18 was significantly down-regulated in the older group of gliomas than that of the younger group. We first demonstrated that the expression of CDH18 was depressed in a ladder-like pattern from normal tissues to WHO IV gliomas, and was an independent prognostic factor in TCGA, CGGA and our glioma cohorts. We further performed in vitro and in vivo functional experiments, which demonstrated CDH18 inhibited glioma cell migration/invasion ability and enhanced chemoresistance. By using iTRAQbased quantitative proteomic analysis, we first identified ubiquinol-cytochrome c reductase core protein 2(UQCRC2) was a downstream target of CDH18 and proved the role of CDH18 on glioma cells was significantly dependent on UQCRC2. Last but not least, we revealed that the expression of UQCRC2 was gradually absent as the WHO grades of gliomas escalated and was positively correlated with the expression of CDH18. Survival analysis demonstrated Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry that combined CDH18/UQCRC2 biomarkers significantly influenced the prognosis of glioma patients. These results showed that CDH18 was a tumor suppressor in glioma carcinogenesis and suggested CDH18 might serve as a novel therapeutic target for gliomas.
Materials and Methods
Informed consent
Informed consent was obtained from all individual participants included in the study.
Ethical approval
All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional research committee of the First Affiliated Hospital of Zhengzhou University.
Patients, tissue specimens and clinical data
Information of 595 lower-grade gliomas(LGG) and 160 GBM cases was collected from database of TCGA (https://cancergenome.nih.gov). Data of 181 LGG and 144 GBM cases was extracted from CGGA (http:// www.cgga.org.cn). These data included: (1) RNA sequencing, (2) DNA copy-number variations(CNVs) and (3) Clinical data. Fresh-frozen tissues including 14 cases of WHO Grade II gliomas, 15 cases of WHO Grade III gliomas, 19 cases of GBM and 9 cases of normal brain tissues (collected in brain trauma surgery) were gathered in The First Affiliated Hospital of Zhengzhou University between August 2016 and November 2016. All patients had signed informed consents before tissue collection. A total of 527 patients were followed up from 2011 to 2014 at the First Affiliated Hospital of Zhengzhou University, and survival data of 453 patients was successfully collected, with the missing rate being 14.1% and the median duration of follow-up being 25.9 months. Clinical data such as sex, age, extent of resection, postoperative primary radiation therapy, postoperative primary chemotherapy, and WHO grades were collected from medical records. The survival data was acquired by telephone-calls or out-patient clinic.
RNA extraction, reverse transcription, and quantitative real-time PCR (qRT PCR)
The total RNA of the tissue specimens (14 cases of WHO Grade II gliomas, 15 cases of WHO Grade III gliomas, 19 cases of GBM and 9 cases of normal brain tissue) was extracted with TRI-zol reagent (Invitrogen, Carlsbad, CA, USA) and reversely transcribed with oligo(dT) primers as well as Super Script II (Invitrogen). mRNA level was quantified by QRT PCR with Quant SYBR Green PCR (Tian-Gen, Beijing, China) and normalized Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) with the following primers: CDH18 (Forward): 5'-AATGACAATCCACCCGAAC-3', CDH18 (Reverse): 5'-GGCTGTGTTATCTTCATTGTCC-3', GAPDH (Forward): 5'-TGATGACATCAAGAAGGTGGTGAAG-3', GAPDH (Reverse): 5'-TCCTTGGAGGCCATGTGGGCCAT-3'. The fold change was calculated by 2-ΔΔCT.
IHC of CDH18 and UQCRC2
For immunostaining, a mouse anti-human monoclonal antibody for CDH18 (1:100 dilution, Proteintech, Chicago, USA) and UQCRC2 (1:200 dilution, Proteintech, Chicago, USA) were used according the manufacturer's instructions. IHC staining was evaluated by two independent pathologists under light microscopy. A positive immunoreactivity for CDH18/UQCRC2 was scored in four grades (0, 1, 2 and 3) depending on the intensity of the staining. The percentage of immunostaining positive cells was also scored in four categories: 0 (0%), 1 (1 to 33%), 2 (34 to 66%) and 3 (67 to 100%) [20] . The higher score of the two was adopted when discrepancies occurred. The sum of the intensity and percentage scores was considered as the final staining score. X-tile software (see "statistical analysis") was used to determine the cut-off values of the immunostaining scores for CDH18/UQCRC2. 
Cell culture and transfection
The human glioma cancer cell lines U87 and U251 were obtained from the Cell Bank of the Shanghai Branch of the Chinese Academy of Sciences (Shanghai, China) and maintained with 10% fetal bovine serum (FBS) and antibiotics in a humidified atmosphere containing 5% carbon dioxide at 37 °C. The transfection was performed using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. CDH18 cDNA was cloned into the CMV--PGK-puromycin vector (Genomeditech, Shanghai, China). shRNA targeting UQCRC2 (shUQCRC2, the target sequence of shUQCRC2 was 5'-GGCTTGGTGATTGCTTCTTTG-3') was synthesized and cloned into pLVX-Neo-IRES-ZsGreen1 (Genomeditech). Puromycin was used to establish the CDH18 stably transfected cell lines. Fluorescence was detected for selection of clones with stable inhibition of UQCRC2 expression. Stably transfected cell lines were validated by immunoblotting and used for further in vitro and in vivo experiments.
Western Blotting
Total protein was extracted from glioma cell lines with the total protein extraction kit (Millipore, Billerica, MA, USA) according to the manufacturer's instructions. Fifty micrograms of sample were first electrophoresed on a 20% SDS-polyacrylamide gel and then transferred to polyvinylidene difluoride (PVDF) membrane. Then, the PVDF membranes were incubated in blocking solution consisting of 5% powered milk in TBST (100mM Tris-HCI, l.5M NaCl, and 0.5% Tween 20, 1:10 dilution) at room temperature for 1h and immunoblotted with CDH18 (1:500 dilution, Proteintech, Chicago, USA) antibody, UQCRC2 (1:1000 dilution, Proteintech, Chicago, USA) antibody and β-Actin antibody (1:1000 dilution, Abcam) overnight at 4 °C, respectively. After incubation with 3, 3′-diaminobenzidine (DAB) solution, a microscope with a brightfield illumination was used to visualize the staining of tissues.
CCK-8 assay
Cell proliferation was measured with an CCK-8 assay according to the manufacturer's instructions as described before [21] . Stably transfected U87 and U251 cells were seeded at a density of 10 3 /well into 96-well culture plates for 24, 48, 72, 96 and 120h. For the CCK-8 assay, the cells were further incubated with 10ul CCK-8 (Sigma, Santa Clara, USA) for 4h. The absorbance was measured at 450 nm.
Transwell migration assay PBS (1:6) was used to dilute Matrigel (BD, New Jersey, USA) by placing the solution at 4°C overnight. The upper and lower chambers of each transwell chamber were added serum-free culture base. The processed cells (100ul, 1×10 6 /ml) were added into the transwell chambers and the lower chambers contained a serumfree culture base (500ul). 48h later, the transwell chamber was taken out. Then the medium was extracted and the Matrigel gel and cells in upper chambers were wiped away with cotton swab. Then the lower chamber was added into 10% cold methanol and fixed for 30min at room temperature. Then stationary liquid was extracted. The chamber was cleaned with PBS and stained with DAPI. Finally, the membrane at the bottom of the transwell chamber was cut down to count the cell number in the lower room.
Wound healing assay
The processed cells with 1×10 5 /ml was inoculated into six plates. When the cell grew to confluence, the 100ul yellow pipette was used to scratch the bottom of the plate. Then the floating cells were washed away 3 times with PBS. The serum-free cell culture medium was added into plates and cultured for 24h. Samples and pictures of the plates were taken out and the results were analyzed. Relative mobility (%) = (distance between cells on both sides (0h)-distance between cells on both sides (24h))/ distance between cells on both sides (0h).
Clonogenic assay with temozolomide(TMZ) presence
TMZ was purchased from Sigma Chemical (Sigma Chemical Co. St. Louis，Missouri，USA) and diluted to the desired concentration in DMEM at the time of use. Glioma cells in the logarithmic growth phase were digested into a single-cell suspension using a trypsin-EDTA solution, and 2 mL of a cell suspension was then seeded onto a 6 well cell culture plate at a density of 1000 cells/mL. The cells were cultured at 37°C in a well-humidified 95% air/5% CO2 incubator for 14 days. On the 12 th day of cell culture, TMZ were added to the medium to a concentration at 20ug/ml. After 48h of culture with the presence of TMZ, the colonies were 
Tumorigenicity assay in nude mice
The processed cells with 1×10 6 /ml were injected into the flank skin of nude mice. Then the animals were kept in constant temperature and sterile conditions. The health condition and tumor growth status of nude mice was observed every day. The longest diameter (a) and shortest diameter (b) of the subcutaneous tumor of nude mice was measured every 3 days. The formula: Tumor Volume =a×b 2 /2. Finally, tumor volume was calculated, and the tumor growth curve was drawn. At the end of the 24th day, all animals were sacrificed by cervical dislocation to acquire the tumor tissues.
iTRAQ sample preparation Each sample was ultrasonically lysed with lysis buffer (containing 8 M urea, 1% Triton X-100, 65 Mm dithiothreitol, 1% protease inhibitor, 3μM Trichostatin A, 50mM Nicotinamide and 2mM EDTA). Cell debris was removed by centrifugation at 12000×g at 4°C for 10min. The supernatant was mixed with 15% trichloroacetic acid and kept for 2 hours at 4°C. Supernatant was removed by centrifugation at 12000×g at 4°C for 3min. The precipitate was cleansed with acetone 3 times and dissolved with urea. The protein concentration of each sample was measured using 2-D Quant kit (GE Healthcare, Boston, USA). Dithiothreitol was added to the aliquot of protein with its concentration at 10mM for 1h. Indole-3-acetic acid(IAA) was then added with its concentration at 20mM, and the samples were incubated in the dark for 30min. The concentration of urea in the samples was diluted to 2M, with the triethylammonium bicarbonate(TEAB) concentration at 100mM. Fifty micrograms of protein from each sample was digested with 0.2 mL of a 50μg/ mL trypsin solution (Promega, Madison, WI, USA) at 37 °C overnight and 0.1 mL of a 50μg/mL trypsin solution at 37 °C for 4h. The pooled samples (U87-NC, U87-CDH18, U251-NC, U251-CDH18) were labeled with 113, 114, 115, and 116 iTRAQ reagents respectively, according to the manufacturer's protocol (AB SCIEX, Framingham, Massachusetts, USA). The samples then were mixed equally and dried by vacuum centrifugation.
Two dimensional LC-MS/MS
The labeled samples were first separated using a high performance reverse phase liquid chromatography column (Agilent 300 Extend C18 column, 5μm particles, 4.6 mm ID, 250 mm length, Agilent, California, USA). The samples were loaded onto the column in the buffer (2%-60% acetonitrile, 10mM ammonium formats, pH=10) for 80min. The eluted peptide was collected at one fraction per minute, and the 80 total fractions were pooled into 20 samples. The collected fractions were then dried by vacuum centrifugation. A total of 20 fractions were analyzed by LC-MS/MS. LC-MS/MS analysis was performed on a Q Exactive TM Plus mass spectrometer (Thermo Fisher Scientific, San Jose, CA). Peptides were dissolved in 0.1% formic acid water and were loaded onto an Acclaim Pep Map RSLC reversed phase(RP) analytical column (Thermo Fisher Scientific, San Jose, CA) for separation. The flow rate used for RP column separation was 300nl/min with buffer A (0.1% formic acid water, 2% acetonitrile). Elution was performed with Buffer B (0.1% formic acid water, 98% acetonitrile) as a gradient. The proportion of Buffer B increased from 7% to 20% in 24 min, to 35% in 8 min, to 80% in 5 min and a final hold in 80% buffer B for 3 min. The mass spectrometer was operated in positive ion mode, and the mass spectrometry data was obtained using a data-dependent acquisition mode that selected the most abundant precursor ions from the survey scan (350-1800m/z) for high-energy collisional dissociation (HCD) fragmentation. The threshold for HCD fragmentation was set to 3E3 and the automatic gain control target was set to 3E4. Survey scans were acquired at a resolution of 70000 at 200m/z, the HCD spectra resolution was set to 17500 at 200 m/z, and the normalized collision energy was 30eV. 
Statistical analysis
The Student's t-test was adopted to test for differences in the comparison of each two-groups. Oneway ANOVA was used to determine differences among at least three groups, with Bonferroni correction as the post hoc test. Overall survival (OS) was measured from the date of diagnosis to the date of death or last follow-up. Differences in survival between two groups of patients were assessed using the Kaplan-Meier method and analyzed using the log-rank test in the univariate analysis. X-tile 3.6.1 (http://medicine.yale. edu/lab/rimm/research/software.aspx) was used to determine the cut-off values in univariate analysis. Suitable prognostic factors were put into Cox proportional hazards regression model to identify independent prognostic factors (multivariate analysis). To determine functional gene sets, gene set enrichment analyses were performed using a comprehensive set of functional annotation tools (The Database for Annotation, Visualization and Integrated Discovery, DAVID). All data are presented as the Mean±SD. P values less than 0.05 are considered statistically significant. Data statistics were performed using software Graph-pad prism 5 (Graph-pad Inc, La Jolla, USA) and IBM SPSS Statistics 19(IBM Corp., Armonk, NY, USA).
Results
Identification of CDH18 in the TCGA glioma cohort
Older age at diagnosis was established as a well-known predictor of worse prognosis in GBM. In addition, genetic differences exist between the older group and younger group of glioma patients. Therefore, we compared the expression profile of genes between the older group and a younger group of GBM patients in TCGA database. RNA sequences and clinical data of TCGA GBM cohort (n=160) were acquired by downloading Bioconductor/TCGA biolinks function package from TCGA (https://tcga-data.nci.nih.gov/tcga/). The cohort was divided into older group (age≥65 years, n=59) and younger group (age<65 years, n=101). After pretreatment, expression data of 17452 genes were acquired. We used T-test and DESeq package [22] to analyze the differential expressed genes (DEGs). Significant P-value was set as 0.05. The absolute value of log 2 FoldChange was set as 1. There were 71 DEGs generated by T-test and 46 DEGs generated by DESeq, with an intersection of 33 DEGs and a union of 84 DEGs, which was depicted in a Venn diagram (Fig. 1A) . The 33 genes were further displayed in a hierarchical clustering heatmap (Fig. 1B) . Gene Ontology (GO) analysis of the 84 genes revealed that these DEGs were mainly enriched in the biological process (BP) of cell adhesion, in the cellular content (CC) of integral to membrane, and in the molecular function (MF) of calcium ion binding (Fig. 1C) . Copy number variations (CNVs) have considerable impact on the viability of oncogenes or tumor-suppressor genes. We used Genomic Identification of Significant Targets in cancer (GISTIC) [23] to analyze the CNVs between older and younger group of GBM. The amplifications/deletion threshold was set as 0.1, and the qv threshold was set as 0.25. The results demonstrated that there was considerable amplification in chromosome 7 and significant deletion in Chromosome 10 ( Supplementary  Fig. 1 ). For all supplemental material see www.karger.com/doi/10.1159/000492317. In order to determine the relationship between the CNVs and DEGs (n=33, Fig. 1B) , we used fisher's exact test to whether the 33 DEGs were correlated with the CNVs. The results showed that only the expression of ADH1B, SLC18A1 and CDH18 were significantly correlated with the CNVs (Supplementary Table 1) . Moreover, we found that the mRNA expression level of CDH18 was significantly lower in older group (n=92) than younger group (n=572) of TCGA cohort (P<0.0001). This phenomenon was also observed between older group (n=11) and younger group (n=314) of CGGA cohort (P=0.0304). Combined the above results, CDH18 was chosen for further investigation in our study.
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CDH18 is down-regulated in gliomas and correlated with favorable prognosis
FireBrowse database (http://firebrowse.org/viewGene.html) showed that the expression of CDH18 was significantly lower in LGG and GBM, compared to normal brain tissue ( Fig. 2A) . Genotype-Tissue Expression database (GTEx, https://www.gtexportal.org/ home) revealed that the expression of CDH18 was much higher in brain tissue than those of other human tissue (Fig. 2B) . TCGA database demonstrated that the expression of CDH18 was significantly lower in Grade IV gliomas than Grade III gliomas (Fig. 2C, p<0 .001), and considerably lower in Grade II gliomas than normal brain tissue (Fig. 2C, p<0.001) . Similarly, CGGA database showed the mRNA expression level of CDH18 was significantly lower in Grade (Fig. 2D, p<0 .0001), and considerably lower in Grade III gliomas than Grade II gliomas (Fig. 2D, p<0 .001). Results from our glioma cohort (n=453) showed that the mRNA expression of CDH18 was much lower in Grade IV gliomas than Grade III gliomas (Fig. 2E, P<0 .05), and significantly lower in Grade II gliomas than normal brain tissue (Fig. 2E, P<0 .0001). Survival analysis of TCGA glioma cohorts and CGGA glioma cohorts showed that patients with high CDH18 mRNA expression had an obviously longer OS than that with low CDH18 expression (Fig. 2G, 2H , P<0.001). IHC of CDH18 in glioma FFPE tissues revealed that staining was localized mainly in the cytoplasm and cytomembrane, with the expression of CDH18 decreased as the WHO grades increased. Survival analysis of our glioma cohort revealed that patients with high CDH18 expression had an obviously longer OS than those with low CDH18 expression (Fig. 2I, P<0 .001). Univariate analysis showed that age (P<0.001), extent of resection (P=0.007), RT (P<0.001), CHT (P<0.001), Grade (P<0.001), CDH18(P<0.001) and UQCRC2 (P<0.001) were factors that impact the prognosis in patients with gliomas (Supplementary Table 2 ). Then these prognostic factors with significance were included in multivariate survival analysis. Results revealed that expression of CDH18 (P=0.006), resection extent (P<0.001), RT (P=0.014), grade (P<0.001) and age (P=0.002) were significantly independent prognostic factors in patients with gliomas (Table 1) .
CDH18 inhibits glioma cell invasion/migration ability and enhances chemoresistance
To better explore how CDH18 influences the biology of glioma cells, overexpression of CDH18 was forced by viral transfection. Western blotting showed that forced overexpression of CDH18 obviously increased the protein levels of CDH18, compare to those of control cell lines. Transwell assay was used to investigate the effect of CDH18 on the invasiveness of glioma cells. Results showed that the mean cell number of the U87-CDH18 group moved to the lower chamber was (138.0±4.04), and the mean cell number of the U87-NC group moved to the lower chamber was (255.7±4.81). There was significant statistical difference between the two groups (Fig 3B, P<0.0001) . Similarly, in U251-CDH18 group, the mean number of cells moved to the lower chamber (32.3±1.45) was significantly lower than that (90.0±1.53) of U251-NC (Fig 3B, P<0.0001) . Results of a wound healing assay showed that the scratch spacing between NC and CDH18 was shrinking along with time in U87 and U251 cell Fig 3C) . Similarly, the scratch spacing of experimental group with U251-CDH18 was much wider (NC vs CDH18, 0.33±0.35 vs 0.18±0.02, P=0.0206, Fig 3C) . Therefore, the relative mobility from 0h to 24h in the CDH18 group was significantly decreased. Supplementary Fig. 2A, 2B) 
CDH18 suppresses the tumorigenicity of glioma cells in vivo
In order to test whether CDH18 inhibits glioma cell tumorigenicity in vivo, we designed a subcutaneous tumor test with nude mice. And we analyzed growth conditions of tumors and measured tumor volume. Results show that tumors with overexpression of CDH18 had a slower rate of growth and smaller volume than tumors with NC (Fig. 3E ). Tumor tissue with U87-CDH18 could be observed in the eighth day, while tumor tissue with U87-NC could be observed in the fifth day. On the twenty-fourth day, volume of tumor with CDH18 was 167.82±34.96mm 3 , while volume of tumor with NC was 568.4±82.30mm 3 (Fig. 3F, 3G ). There was a statistically significant difference between the two groups (CDH18 vs NC, P=0.0012).
Identification of DEPs between CDH18 overexpression and control groups
To identify the DEPs between CDH18 overexpression and control groups of glioma cell lines, total proteins from the four groups (U87-NC, U87-CDH18, U251-NC, U251-CDH18) were extracted for iTRAQ analysis. In total, 4975 proteins were detected using iTRAQ. Compared with the U87-NC group, the expression levels of 201 proteins were significantly different (upregulated≥1.5-fold or downregulated ≤0.67-fold; P≤0.05) in the U87-CDH18 group. Compared with the U251-NC group, the expression levels of 331 proteins were significantly different (upregulated ≥1.5-fold or downregulated≤0.67-fold; P≤0.05) in the U251-CDH18 group. An intersection of 143 DEPs was identified between U87 (201 DEPs) Fig. 3) . A hierarchical clustering heatmap of the 143 DEPs is shown in Fig.4A .
GO and KEGG pathway analyses of DEPs
The identified DEPs were classified according to their biological processes (BP), cellular components (CC) and molecular functions (MF) using the David database (Fig.4B) . In the BP category, lipid localization, intracellular transport and protein localization/targeting to mitochondrion were overrepresented. In the CC category, mitochondrial transport/ envelope/part/membrane were highlighted. In the MF category, hydrogen ion/monovalent inorganic cation transmembrane transporter activity and cytochrome-c oxidase activity were overrepresented. In KEGG pathway analysis, the top 5 pathways were Parkinson's disease, oxidative phosphorylation(OXPHOS), Huntington's disease, cardiac muscle contraction, and Alzheimer's disease pathways, in which UQCRC2 was the prior participant without exception (Supplementary Table 3, Fig.4C ). Consequently, combined the results of proteomics, GO and KEGG pathway analyses, we select UQCRC2 as the downstream target of CDH18 for further validation with in vitro assays.
Down-regulation of UQCRC2 partly reversed the tumor-suppressor role of CDH18 in glioma cells
To explore how CDH18 and UQCRC2 influenced each other in gliomas cells, the expression of UQCRC2 was down-regulated by transfection. Western blotting showed that down-regulated of UQCRC2 decreased the protein levels of UQCRC2. Then we carried out the 
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Cellular Physiology and Biochemistry transwell assay with CDH18 and shUQCRC2. Results show that the mean cell number of the U87-shUQCRC2 group that moved to the lower chamber was significantly increased compared to U87-CDH18 (CDH18 vs shUQCRC2, 124.3±7.22 vs 219.3±4.91, P=0.0004, Fig.5D ). Similarly, in the U251-shUQCRC2 group, the mean number of cells that moved to the lower chamber was significantly increased than U251-CDH18 (CDH18 vs shUQCRC2, 40.3±4.91 vs 62.3±4.05, P=0.0259, Fig.5D ). Wound healing assay revealed that the relative mobility from 0h to 24h in shUQCRC2 group increased in the U87 and U251 cells lines (U87, CDH18 vs shUQCRC2, 0.14±0.007 vs 0.24±0.003, P=0.0002, U251, CDH18 vs shUQCRC2, 0.16±0.021 vs 0.29±0.02, P=0.0108, Fig.5C ).
The wound healing assay showed that down-regulation of UQCRC2 partly reversed the tumor migration suppressor role of CDH18 in U87 and U251 glioma cell lines. In the transwell assay, downregulation of UQCRC2 partly reversed the tumor invasion suppressor role of CDH18 in U87 and U251 glioma cell lines.
In the colony formation assay in the presence of TMZ, the number of cell colonies with shUQCRC2 increased (U87-CDH18+shUQCRC2 vs U87- Fig.5B ).
UQCRC2 is down-regulated in gliomas and positively correlated with CDH18
The FireBrowse database showed that the expression of UQCRC2 was significantly higher in LGG than GBM, as well as in LGG compared to normal brain tissue (Fig. 6A) . The staining of CDH18 and UQCRC2 with serial sections revealed that expression of CDH18 and UQCRC2 was gradually absent as the WHO grades as gliomas escalated. The staining of UQCRC2 was localized mainly in the cytoplasm and cell membrane (Fig. 6B) . Survival analysis of TCGA glioma cohorts and CGGA glioma cohorts showed that patients with high expression of UQCRC2 had a longer OS than those with low expression of UQCRC2 (Fig. 6C,  6D, P<0.001) . Also, survival analysis of our glioma cohort showed that patients with high expression of UQCRC2 had a longer OS than those with low expression of UQCRC2 (Fig. 6E,  P<0 .001). Correlation analysis of CDH18 and UQCRC2 in TCGA, CGGA and our glioma cohorts showed that CDH18 and UQCRC2 was closely correlated (Fig. 6H, P<0.001 ). Survival analysis of TCGA, CGGA and our glioma cohorts combined CDH18 and UQCRC2 showed that patients with high expression of CDH18 and UQCRC2 had a longer OS than that with low expression of CDH18 and UQCRC2 (Fig. 6I, 6J , 6K, P<0.001).
Discussion
For glioma patients, older age at diagnosis was established as a well-known predictor of worse prognosis [17, 24] . This phenomenon is also observed in experimental brain tumor animal models [25] . In addition, a growing number of studies have demonstrated that several genetic alterations are age-dependent in gliomas, and these genetic alterations play an important role in glioma initiation and progression [18, 19, 26, 27] . Therefore, we first used bioinformatics to analyze TCGA, which is the most influential public database on gliomas, for comparison of genetic alterations between older and younger patients group with gliomas. Combining the results on differential expression of genes, gene ontology, and copy number variations, CDH18 was identified as the target gene significantly downregulated in older group of gliomas. Moreover, public databases revealed that compared to normal brain tissue, CDH18 was dramatically suppressed in glioma tissues. Interestingly, the expression level of CDH18 is considerably higher in cerebellar hemisphere/cerebellum than other human tissues. Altogether, previous results indicated CDH18 might participate in the carcinogenesis and progression of gliomas.
To our knowledge, this is the first study investigating the role of CDH18 on cancer cell biology and its prognostic value for patients with cancer. An et al., Venkatachalam et al. and Heikinheimo et al. found that CDH18 gene was mutated in sporadic colorectal cancers and odontogenic keratocytes [14] [15] [16] . However, whether CDH18 is an oncogene or tumorsuppressor gene and how CDH18 participates in carcinogenesis remained unexplored. In this study, we found that the mRNA expression of CDH18 is gradually suppressed from normal brain tissues to GBM in TCGA and CGGA databases, and the findings were corroborated by our cohorts of a large sample size. Survival analyses demonstrated that low expression of CDH18 predicts poorer survival in TCGA and CGGA databases. We performed immunohistochemical staining of CDH18 in our cohort and found the same prognostic value of CDH18 in glioma patients. These observations strongly suggest that CDH18 might negatively regulate the tumorigenesis of gliomas as a tumor suppressor. Hence, we investigated the effects of CDH18 on glioma cell proliferation, invasion, migration and chemo-resistance. Our results demonstrated that CDH18 overexpression significantly inhibited the invasion and migration ability but not proliferation ability in glioma cell lines. Also, CDH18 overexpression enhanced the cytotoxic effects of TMZ, which is the first-line therapeutic drug for gliomas, on glioma cell lines. We subsequently revealed that CDH18 suppressed the tumorigenicity of glioma Since there is no previously published research on the mechanism of CDH18 in cancer cell biology for our reference. We employed iTRAQ-based quantitative proteomics to seek the downstream targets of CDH18 in glioma cell lines and identified 143 candidate proteins both changed over 1.5-fold in U87 and U251 glioma cell lines. Subsequent GO analysis demonstrated these differential proteins were mainly enriched in the biological process of intracellular transport, in the cellular content of mitochondria, and in the molecular function of transmembrane transporter. KEGG pathway analysis revealed that the majority of the candidate proteins were correlated with CNS diseases and OXPHOS. Notably, we observed that UQCRC2 existed in all the top five pathways of enrichment. Therefore, UQCRC2 was adopted as the downstream target of CDH18 in the current study. Further in vitro assays demonstrated that down-regulation of UQCRC2 partly reversed the inhibition of invasion/ migration ability and chemo-resistance in CDH18 overexpressed glioma cell lines. Moreover, public database showed that UQCRC2 is considerably suppressed in glioma tissues compared to normal brain tissues. We further revealed that UQCRC2 was positively correlated with CDH18 on the mRNA level and protein level in glioma cohorts with large sample size. Survival analysis demonstrated that combined CDH18/UQCRC2 biomarkers significantly influenced the prognosis of glioma patients. These findings suggested UQCRC2 might function as a key protein downstream of CDH18. UQCRC2 is one of the two core proteins of the ubiquinol-cytochrome c reductase complex (complex III), which constitutes a part of the mitochondrial respiratory chain [28, 29] . It was recently reported that homozygous missense mutation in UQCRC2 might cause mitochondrial complex III deficiency, which is a relatively rare disease [28] . Putignani et al. observed that the content of UQCRC2 in breast cancer cell was significantly decreased compared to that in normal epithelial cells [30, 31] , which is in accordance with our findings on gliomas. In recent years, a growing number of studies provided new insight into the role of mitochondria in cancer and demonstrated that impaired bioenergetic function of mitochondria is a hallmark of tumorigenesis [32, 33] . It has been reported that mitochondrial alteration is correlated with cancer cell motility and invasiveness, as well as chemo-resistance [34] [35] [36] . We inferred that CDH18 might influence the function of mitochondria via UQCRC2, and thus inhibited the invasiveness and chemoresistance of glioma cells. Our data shed light on a new perspective concerning the role of CDH18 in gliomas, and further investigations are needed to gain more insight on the relationship between CDH18, mitochondria and glioma carcinogenesis.
Last but not least, our results also suggested several new aspects of potential significance to be further investigated. First, molecular subgroups based on IDH mutations, TERT promoter mutations, and 1p/19q co-deletion of gliomas were charaterized by distinct mechanisms of pathogenesis [2, 37] . Since CDH18 is firstly studied in gliomas, whether its expression and functions are altered between different molecular subgroups of gliomas remains unexplored. Second, it was revealed that the levels of OXPHOS are down-regulated in glioma cells due to several reasons, one of which is the direct loss of function of components of OXPHOS, such as complex II, III and IV [38, 39] . Since UQCRC2 is a core component of complex III, we infer that the down-regulation of CDH18 in gliomas inhibits the expression of UQCRC2 protein, which contributes to the loss of function of complex III and decreased activity of OXPHOS in gliomas. Further investigations are needed to clarify the metabolic change caused by CDH18 and UQCRC2 in gliomas. Third, the ketogenic diet is a high-fat and low-carbohydrate diet that used in treating gliomas for years [40] . Our results explain to some extent why a ketogenic diet could be an optional therapy for gliomas because unlike normal brain cells, the tumor cells have relatively low expression of CDH18 and UQCRC2, which contributes to the lack of a functional OXPHOS system necessary for metabolism of ketones for energy production [37, 39] . However, this hypothesis for ketogenic diet in gliomas needs further investigation.
In summary, our study identified a novel tumor-suppressor, CDH18, in gliomas. We investigated the influence of CDH18 on cancer cell biology and its prognostic value for the first time. We also demonstrated that CDH18 exerted its tumor-suppressor role via UQCRC2 
